We compute the one-loop effective action of a scalar field ¢ along a fiat direction in de Sitter space using the derivative expansion method. It is found that this scalar field rolls down the potential away from the origin if the initial value of a scalar field ¢ is much larger than the Hubble constant. We also see that this dynamics supports the Affleck-Dine mechanism for baryogenesis. § 1. Introduction
It is known that a scalar potential of a global supersymmetric model often has a special direction called the flat direction/> along which the value of the scalar potential remains unchanged. The potential energy of a supersymmetric model is given by a linear combination of F;* F; and DaDa,z> where F; and Da are auxiliary fields in scalar multiplets and vector multiplets, respectively. Therefore, the flat direction is characterized by conditions*> F;(¢)=0 and Da(¢)=0. If these conditions have non-trivial solutions in terms of the scalar fields ¢, there exists a flat direction. An example in supersymmetric SU(5) grand unified theory (GUT) can easily be found.
1 > The condition of the flat direction imply the supersymmetry is not spontaneously broken, 2 > while the presence of the vacuum expectation value along the direction in general breaks the gauge and global symmetries. It is also possible to show that, in the supersymmetric models, the flat direction does not receive any radiative correction as a result of the non-renormalization theorem.
2 > The unbroken supersymmetry and the absence of the radiative correction are interesting characteristics of the flat direction. With a supersymmetry breaking mass m, on the other hand, the direction receives a logarithmic radiative correction proportional to the breaking mass squared m 2 • In this paper we evaluate the one-loop effective action along the flat direction in the de Sitter space**> using the derivative expansion method. Our original interest is the effective potential along the flat direction in the inflationary expanding universe. Our analysis is relevant for the baryogenesis scenario by the Affieck-Dine mechanism/> in which it is supposed that scalar fields along the flat direction initially have a large expectation value of the order of the GUT scale. Then after inflation and when the Hubble parameter becomes of order of supersymmetric breaking mass scale m (that is of order of the weak scale mw), the scalar fields begin to fall down along the flat direction. The motion of scalar fields (say the squark fields) generates a condensation of the baryon number density and decays into light particles.
In fiat space, as mentioned above, the fiat direction receives rather small radiative corrections. However, it is not clear if this is held even in curved spaces. In particular the typical mass ( To analyze the above problem, however, we have to specify how the global supersymmetric model is coupled to gravity. Though the supergravity 2 l might be a natural framework, this theory is not renormalizable. Since we do not know any renormalizable supergravity model, we will consider renormalizable models that reduce to global supersymmetric models (with soft supersymmetric breaking masses) in the fiat space limit. Here, the gravitational interactions break the supersymmetry explicitly, but it is still consistent as long as we do not include the radiative corrections due to the graviton.
Note that the renormalizability in curved space allows a curvature coupling term ~R¢i for the fiat direction ¢ if it does not contradict with the gauge and the global symmetries. Since the scalar curvature R is given by R = 12H 2 in de Sitter space, if ~is of order of unity, the direction is not fiat even at the tree level. In this case, the Affleck-Dine mechanism does not work.
In the following section, we will review that one-loop radiative corrections to the potential induce a term~-3g 2 2 , this correction may drastically modify the tree potential and may even give an unbounded potential. We will argue that this asymptotic behavior is unavoidable irrespective of the matter contents and the details of the model if the fiat direction couples to a scalar multiplet. 3 
l
A realistic supersymmetric model should satisfy this requirement because a scalar field along the fiat direction, say the squark field, must have a Yukawa coupling in the superpotential. So, hereafter we refer to fiat direction at tree level as fiat direction. Before we conclude that scalar fields rjJ along the fiat direction keep rolling down for a large value of ¢, we should take into account the derivative term of the scalar field along fiat direction to understand the dynamics of this field. We will calculate the quantum correction to the kinetic term assuming the slow rolling of the scalar field along fiat direction. But we show this correction is small compared to the tree contribution (and the one-loop correction to the effective potential) contrary to the case of potential, so we conclude the scalar field along fiat direction rolls down along the unbounded potential in the region where the loop expansion is reliable.
In §2, we shall give an explicit evaluation of one-loop effective potential in Wess-Zumino model with the superpotential W=gf!h{]Jz ([Jz/2. This model has an F-term fiat direction and gives an example for radiative corrections due to a scalar multiplet. We will see that the radiative correction induces the potential term ~ -3g 2 H 2 ln¢ 2 /(l67r 2 ) as mentioned above. The general case including D-term fiat direction is also examined.
In §3, we shall give an explicit evaluation of one-loop correction to the kinetic term of the scalar field along flat direction in de Sitter space.
In conclusion and discussion, we argue the time evolution of the scalar field along flat direction in de Sitter space and suggest that the Affleck-Dine mechanism likely takes place.
In the remaining of this section, we summarize our framework for the evaluation of the one-loop effective potential in Euclidean de Sitter space (S 4 ).
As is well known the one-loop effective potential is given by a path integral
where B represents a fluctuation around the vacuum expectation value ¢and S2 [B] is the Euclidean action of the fluctuation up to the quadratic order; the wave operator of B is denoted as .d. We have defined the path integral measure so that it gives a dimensionless combination a 2 L1 in the determinant where a is the radius of the Euclidean de Sitter space (5 4 ).
(The Hubble parameter His given by H = 1/a.) The power of determinant -1/2 in Eq. (1) is for one bosonic degree of freedom and should be read as + 1/2 for one fermionic degree of freedom. Q is the four-volume of 5 4 and is given by We regularize the determinant factor in Eq. (1) by using the proper time cutoff (2) where gn and An are the multiplicity and the eigenvalue of the dimensionless wave operator a 2 L1 on 5
•
The function Y(t) is defined by (3) The eigenvalue An and the multiplicity gn of wave operator a 2 L1 are exactly known 5 l for typical tensorial fields due to the large symmetry of 5
One may thus directly evaluate the definition (2). Here, we instead utilize a relation
where the dimensionless cutoff E is defined as e=(aA)-2 (A corresponds to the momentum cutoff in the flat space). In the above expression, y is the Euler constant and t;(s) is the generalized zeta function 6 l that is defined by
and the analytic continuation. Equation (4) is formally the same as the relation 
We will use the generalized zeta function on 5 4 evaluated by Allen. 
For spinorial fields Ll=(y'"f7'"-m)t(rvf7v-m).
Some relevant values are summarized in Table I . On the other hand, the derivative of zeta function at s=O, S'(O), is given by
where constants y(L) and c(L) are given The simplest non-trivial example that has a F-term fiat direction is given by the 
and the mass matrix M( ¢1, ¢z) is given by In the scalar potential (8), we have introduced the supersymmetry soft breaking mass terms m/q)/q)i and the nonminimal curvature couplings ~;Rq)i*q)i, in addition to the minimal extension of the W ess-Zumino model in curved space. Since the non-minimal coupling receives the renormalization as will be seen below, the bare term ~;Rq)/q)i is necessary for this model to be renormalizable. On the other hand, in de Sitter space it is well known that a minimal (~=0) massless (m=O) scalar field is pathological in the sense that there exists no de Sitter invariant Fock vacuum. It may therefore be necessary to keep either of the soft breaking mass or the (renormalized) non-minimal coupling to be non-zero.
From the tree potential (9), we see ¢z=O is actually a flat direction in this model; namely the potential energy remains flat for any values of ¢1 except for the supersymmetric breaking mass term and the non-minimal coupling term. Now let us consider a real vacuum expectation value along the flat direction and the one-loop effective potential. Since ¢z=O is the flat direction, we decompose the scalar fields as *) The present Euclidean convention is the same as in Ref. 3 ).
Downloaded from https://academic.oup.com/ptp/article-abstract/92/6/1105/1833099 by guest on 30 January 2019 (11) where all the fields are real and ¢ is the classical field along the flat direction. Then the quadratic action of the fluctuations around the classical field ¢ reads S2= j(~ cp;( -D+ml 2 +6R)cp;+ ,t cp;( -D+m2 2 +lg 2 I¢ 2 +6R)cp;
(12) and we can read off the effective mass of the fluctuations that depends on the expectation value of ¢. The result is summarized in Table IV . For the spinorial fields c/h and <h, the corresponding second order wave operator is given by L/=(r~'/7~'-m)t(r,.J7v-m). From the mass generating pattern in Table IV  and general rule in Tables I and III, we can obtain the one-loop effective poten- 
Note that the right-hand side of the above expressions is independent of a. Then the one-loop effective potential in terms of the renormalized parameters reads (we have omitted the subscript R)
where a finite part of the counter term Vcounter(¢) is given by
The flat space limit a--+= of Eq. (17) gives 
where we have only retained the tree potential and the leading contribution of the one-loop corrections. For general cases, we cannot draw any conclusion from the asymptotic form Eq. (19). However if we assume that all the soft breaking masses and all the non-minimal couplings are of the same order of magnitude, respectively, m1 ~ m2 and 6 ~ 6, the expression is further simplified. First we note the coupling constant g should be small g~1 for the perturbation to be reliable. Moreover the one-loop approximation is meaningful only for a region that a logarithmic combination g 2 ln( ¢
2

1M
2 ) /Jr 2 is sufficiently small. This is because higher power of the combination is expected to appear in higher orders of the loop expansion. (1) If 6 is of order unity or larger, say 6 = 116, an inequality g 2 ln ( ¢   2   1M 2 ) IJr 2~ 0 (1) :::oe 6 should be satisfied in the reliable region of the one-loop approximation. Therefore the effective potential Eq. (21) is essentially given by the tree potential. The one-loop correction in Eq. (21) as it stands can exceed the tree potential for a quite large ¢and it even gives an unbounded potential. This is an artifact in our approximation because such an unboundedness implies a large logarithmic factor, g 2 ln (¢ 2 IM 2 )I7r 2 -:?>1, and is outside the expected validity of the one-loop approximation.
Thus we cannot obtain any predictions for such a quite large ¢ from the one-loop calculation Eq. As is expected, we see significant modifications of the tree potential by the radiative correction. We again stress this does not imply the breaking of the one-loop , we can expect a qualitative modification of the tree potential within our one-loop calculation. The one-loop correction, however, gives an unbounded potential for a large value of ¢. In §4 of Ref. 3) , it was argued that if all the soft breaking masses and all the non-minimal couplings are in the same orders, the one-loop effective potential along the flat directions is basically given by Eq. (21) irrespective of the details of the model. Therefore the discussion above can essentially be applied for any models. The only way to get stable flat where gy-oc/J comes out when we square up the Dirac operator. In the limit ga¢-:? 1 we can evaluate the one-loop contribution to kinetic term knowing only first three Seeley-deWitt coefficients which depend also on space-time derivatives of ¢. They are already computed, see for example, Guven in Ref 10).
(32)
For !s(x, x) we present only leading contribution to kinetic term in the above limit,
13 X, X -rr pm m ··· .
Contrary to the effective potential case we can evaluate the effective action only in this limit. But our interest is in large ¢region where the one-loop effective potential becomes unbounded below. So it is adequate for us to know the one-loop correction to the kinetic term in the above limit. Now we get the one-loop contributions to coefficient of kinetic term, z(ll(¢). We get 
We set the renormalization condition at the renomalization point M as (38)
in the flat limit a--HXJ or large ¢ limit. Then the relation between the renormalized wave function and the bare one becomes
Finally we can get the effective kinetic term at large rPR limit and giving us useful comments.
